Background: GPR126 plays critical roles in development, but its function in vessels is not well characterized. Results: GPR126 regulates angiogenesis by modulating endothelial cell proliferation and migration via regulation of Vegfr2 expression. Conclusion: GPR126 is important for physiological and pathological angiogenesis. Significance: This finding provides a new functional mechanism for the regulation of angiogenesis.
Blood vessels are composed of the endothelium, which is a monolayer of cells that cover the vessel lumen, and a surrounding layer of mesenchymal cells such as vascular smooth muscle cells and pericytes (1) . The development of the complicated vascular networks mainly requires two successive processes, vasculogenesis and angiogenesis (2) . During vasculogenesis, mesoderm-derived hemangioblasts, which exhibit a dual hemangiopoietic potential, give rise to both hematopoietic cells and endothelial cells (EC) 5 (3) . The in situ differentiated ECs coalesce at the midline to form a lumenized vascular plexus. This primary network formed through vasculogenesis subsequently expands through angiogenesis, which is characterized by the growth of new blood vessels from pre-existing ones (1) . During adulthood, most blood vessels remain quiescent for conducting blood flow to organs. However, during pathological conditions such as inflammation, tissue ischemia, and tumor progression, ECs are activated, and angiogenesis is initiated to form vessels to enhance blood supply (4) . Control of blood vessel formation through both of these processes requires a finely tuned balance of molecular pathways (5) .
Although vasculogenesis and angiogenesis are distinct processes, the basic molecular pathways that drive blood vessel formation are largely shared. One of the most important signaling cascades in blood vessel function is the vascular endothelial growth factor (VEGF) pathway. VEGF proteins stimulate cellular responses by binding to their tyrosine kinase receptors, known as VEGF receptors (VEGFR1-3) (6) . Among the receptors, VEGFR2 mediates endothelial cell proliferation and survival and is the most important receptor implicated in all aspects of normal and pathological vascular endothelial cell biology (6) . After binding with its ligands, VEGFR2 is activated through dimerization and trans-phosphorylation. The activated receptor then stimulates MAPK/ERK1/2, PI3K/AKT, FAK/Paxillin, and other signaling cascades that regulate endothelial cell proliferation, survival, adhesion, and migration (6) . In addition to its activation, the expression of VEGFR2 is also tightly regulated. A number of transcriptional factors have been identified to regulate VEGFR2 transcription, including TFII-I (7, 8) , Sp1/Sp3 (9) , HIF-2␣ (10) , and NANOG (11) . Moreover, GATA2 mediates not only TGF-␤ inhibition of VEGFR2 expression but also antagonizes with TFII-1 to fine tune the tightly controlled extracellular matrix-induced VEGFR2 expression (7, 12) .
G protein-coupled receptors (GPCRs) include the largest protein family of transmembrane receptors (13) , sensing the extracellular stimuli and subsequently triggering intracellular signal transduction pathways and modulating a diverse array of physiological processes (14) . A number of GPCR signaling pathways have been reported to play crucial roles in blood vessel development, such as lysophosphatidic acid/LPA4, sphingosine 1-phosphate/Edg-1, and lysophospholipid/GPR4 (15) (16) (17) . During the process of angiogenesis, cross-talk between G protein and VEGFR2 pathways has been reported but not profoundly understood. It has been shown that G␣ q /G␣ 11 proteins regulated VEGFR2 tyrosine phosphorylation through interaction with VEGFR2 (18) . Moreover, thrombin has been shown to directly stimulate VEGFR1 and VEGFR2 expression (19) , suggesting that the transcription of VEGF/VEGFR2 could be regulated by GPCRs.
The adhesion family of GPCRs is one of the five groups of the GPCR superfamily and contains a large extracellular region with common domains involved in protein-protein interactions and cell adhesion (13) . Although few members of adhesion GPCRs have identified ligands or well defined biological functions, these GPCRs have attracted tremendous attention for the versatile functional domains contained in their long N terminus. GPR124, BAI1, and CD97 are distinct members that play pivotal roles in blood vessel development and pathological angiogenesis (20 -25) .
The physiological roles of the novel adhesion GPCR, GPR126, are not well characterized. Recently, Gpr126 was identified to be essential for Schwann cells to initiate myelination through induction of key transcriptional factors both in zebrafish and mice, suggesting its evolutionarily conserved functions (26, 27) . Deletion of Gpr126 in mice leads to midgestation embryonic lethality due to internal hemorrhaging and failures in cardiovascular development (28) . Although GPR126 is present in human umbilical vein endothelial cells and its expression is increased after the cells are challenged by lipopolysaccharide and thrombin (29) , the precise roles of GPR126 in angiogenesis were not investigated. Here, we reported that GPR126 was enriched in both VEGFR2 positive cells, which were differentiated from embryonic stem cells, and endothelial cells from different mouse tissues. GPR126 deficiency significantly affected HMEC-1 cell proliferation, migration, tube formation, and three-dimensional angiogenic sprouting. Using Matrigel plug assays, we found that knockdown of Gpr126 prevented blood vessel formation to implanted plugs. In an oxy-gen-induced retinopathy mouse model, knockdown of Gpr126 in the retina dramatically impairs neovascular tuft formation. When the expression of Gpr126 interfered with specific morpholinos in zebrafish embryos, intersomitic vessel formation was severely impaired due to inhibition of endothelial cell proliferation and tip cell migration. Furthermore, we show both in vivo and in vitro evidence that GPR126 modulates VEGFR2 transcription through cAMP-induced GATA2 and STAT5 expression.
EXPERIMENTAL PROCEDURES
Cell Culture and Transfection-HMEC-1 cells generously provided by Dr. F. J. Candal (Centers for Disease Control, Atlanta, GA) were maintained in MCDB-131 medium (Invitrogen) supplemented with 10% fetal bovine serum (FBS), 10 ng/ml human epidermal growth factor (EGF) (Sigma), 1 g/ml hydrocortisone, 5 mg/ml L-glutamine, and antibiotics (penicillin/streptomycin) at 37°C with 5% CO 2 . For transfection, siRNA were mixed with Lipofectamine 2000 reagent (Invitrogen) according to the instruction manual. The siRNA sequences specifically targeting STAT5 mRNA were 5Ј-GCA-GCAGACCAUCAUCCUG-3Ј (STAT5 si1) and 3Ј-GACCCA-GACCAAGUUUGCA-5Ј (STAT5 si2). The sequences targeting GATA2 mRNA were 5Ј-GGCUCGUUCCUGUUCAGA-ATT-3Ј (GATA2 si1) and 5Ј-GGAGGAGGAUUGUGCUGA-UTT-3Ј (GATA2 si2). All the siRNA duplexes were synthesized by the GenePharma Co. (Shanghai, China). The control siRNA for STAT5 and GATA2 is a scrambled sequence that will not lead to the specific degradation of any known cellular mRNA afforded by the GenePharma Co.
Cell Proliferation and BrdU Incorporation Assays-For the cell growth curve assay, cells were seeded at 1 ϫ 10 4 cells/well and grown in 12-well plates continuously for 1-7 days in triplicate. The cells were harvested and counted every day. In bromodeoxyuridine (BrdU) incorporation assays, infected cells were incubated in the presence of 10 M BrdU (Sigma) for 10 h after starvation overnight. Cells were then fixed with 4% paraformaldehyde and treated with 2 M HCl containing 1% Triton X-100. The cells were stained with monoclonal anti-BrdU (Sigma) antibody and then stained with FITC-conjugated goat anti-mouse antibodies and DAPI. The green immunofluorescence indicated BrdU staining. The total numbers of DAPIpositive cells, as well as BrdU-labeled cells, were counted in 5-10 different fields of each well.
Monolayer Wound-healing Experiments-HMEC-1 cells were seeded in 6-well plates precoated with 0.1% gelatin (Sigma) to full confluence and then incubated with 10 g/ml mitomycin C at 37°C and 5% CO 2 for 2.5 h to inactivate cells. Then a linear wounding zone was created using a 200-l pipette tip and washed with PBS. MCDB-131 medium supplemented with 0.5% FBS was added to the wells with VEGF (4 ng/ml). Images were taken after about 8 -10 h of incubation at 37°C, 5% CO 2 . The migrated cells were counted in the wounding zone determined by a predefined frame. The experiments were performed in triplicate and repeated at least three times.
Immunohistochemistry-Immunostainings were performed according to standard procedures. Staining was developed using 3,3Ј-diaminobenzidine/peroxidase substrate (brown pre-cipitate). Slides were counterstained with hematoxylin. Tissues were obtained and fixed with 4% paraformaldehyde and embedded with paraffin. A blood vessel staining kit (CD31, Millipore) was used to stain blood vessels in 5-m sections. Images of the stained blood vessels were taken using a Leica DM 4000B photomicroscope.
Lentivirus-based Overexpression and Knockdown-For virusbased overexpression of GPR126, STAT5, and GATA2, the ORFs of the three genes were subcloned into pLVX-IRES-ZsGreen1 vector, respectively. The virus-based knockdown was conducted using pll3.7 vector. The shRNA oligos targeting human GPR126 were CCTATCTTACATCCAAATCTA (Sh1) and GCTCATTCAGACAACTTCTAT (Sh2). The oligo targeting STAT5 was GTACTTCATCATCCAGTAC. The oligo targeting mouse Gpr126 was gacagctttctcctactca and was subcloned into modified pll3.7 in which the GFP was substituted by DsRed. Virus was harvested from the supernatant of 293T cells 48 h post-transfection before being used to infect target cells (2 ϫ 10 5 ) with 5 ϫ 10 6 TCID 50 . The cells were not used for proliferation assay and angiogenesis or Western blot experiments until the cells were cultured as described under "Cell Culture and Transfection" without virus for 24 h. High titer virus was prepared by ultracentrifugation at 1.5 ϫ 10 5 g at 4°C before being resolved in PBS.
In Vivo Matrigel Plug Assay-Matrigel plug assay was performed with modifications as described (30) . Lentivirus expressing 1 ϫ 10 9 pfu of pll3.7 or mouse Gpr126 shRNA1 (mSh1) was mixed in the Matrigel solution at 4°C containing 500 ng/ml VEGF-A (Sigma) and 100 g/ml heparin (Sigma). A total of 500 l of Matrigel containing lentivirus was injected subcutaneously into the abdomen of male C57BL/6 mice. Six mice were employed for each group. The mice were killed 7 days after the injection. The Matrigel plugs with adjacent subcutaneous tissues were recovered by en bloc resection, and images were then taken using a stereomicroscope (Leica). Thereafter, each sample was embedded in paraffin before being sectioned at a thickness of 5 m. Then the sections were stained with CD31 antibody. Images were taken with Leica microscope. The number of blood vessels was analyzed using Image-Pro Plus 6.0 software.
Oxygen-induced Retinopathy Model-All experiments conformed to regulations drafted by Association for Assessment and Accreditation of Laboratory Animal Care in Shanghai and were approved by East China Normal University Center for Animal Research (Project License No. 2611). Oxygen-induced retinopathy was performed in C57/BL6 mice according to the protocol (31) . Briefly, 7-day-old (P7) mouse pups and their nursing mothers were exposed to 75% oxygen mixed with 25% N 2 -humidified medical grade oxygen in a sealed chamber containing bedding, food, and water for 5 days. On postnatal day 12 (P12), the mice were returned to room air after being injected with 5 l of lentivirus (2 ϫ 10 9 pfu) into the retina. The mice received intravitreal injections for lentiviral infection. Control virus was injected into the left eye, and the knockdown virus targeting mouse Gpr126 mRNA was injected into the right eye. On postnatal day 17, FITC-dextran (50 mg/ml in PBS, Sigma) was infused transcardially via the left ventricle and allowed to exit via the punctured right atrium. Eyes were fixed (4% formaldehyde; 24 h at 4°C) for dissection before being scanned by confocal microscopy both at channel 488 and 533 nm. ImageJ software was used for quantification of avascular area.
Zebrafish and Morpholinos-Wild type (WT) AB, Tg(flk1: EGFP), Tg(fli1:EGFP) y1 , and Tg(fli1:nEGFP) y7 zebrafish lines were maintained in Core Facility of Zebrafish Research, School of Basic Medicine, Chongqing Medical University. Embryos were injected at the one-to two-cell stage with 2.5 ng of a morpholino antisense oligonucleotide targeting zebrafish Gpr126 (5Ј-ACAG-AATATGAATACCTGATACTCC-3Ј) (26) . Control embryos were injected at the one-to two-cell stage with 2.5 ng of a translation-blocking antisense oligonucleotide as described (32) . For confocal imaging, embryos were mounted in 1.0% low melting point agarose before being imaged by a confocal microscope of Zeiss LSM 510 (Oberkochen, Germany) or Olympus FV1000-MPE (Tokyo, Japan). In rescue experiments, the morpholino-resistant capped RNAs (mRNAs) were synthesized using T7 mMessage machine kit (Ambion) according to the manufacturer's instructions.
Western Blot Analysis-Western blots were performed with standard protocol with specific antibodies as follows: anti-GPR126 (Abcam, catalog no. ab75356); FAK (Cell Signaling, catalog no. 3285); phospho-FAK (Tyr-397) (Cell Signaling, catalog no. 3283); p44/42 MAPK (ERK1/2) (Cell Signaling, catalog no. 9102); phospho-ERK1/2 (Thr-202/Tyr-204) (Cell Signaling, catalog no. 4376); STAT5 (Cell Signaling, catalog no. 9363); STAT6 (Cell Signaling, catalog no. 9362); GATA2 (Epitomics, catalog no. 3348-1); VEGFR2 (Cell Signaling, catalog no. 2479); Tie2 (Cell Signaling, catalog no. 4224); CREB (Cell Signaling, catalog no. 9197); phospho-CREB (Ser-133) (Cell Signaling, catalog no. 9198), and ␤-actin (Sigma, catalog no. A5441). Specific peroxidase-conjugated secondary antibodies or IRDye 800CW conjugated goat (polyclonal) anti-mouse (or rabbit) IgGs were used to detect protein expression by enhanced chemiluminescence kit (Pierce) or by Odyssey infrared imaging system (LI-COR Bioscience), respectively.
RT-PCR and qRT-PCR Analysis-Total RNAs were extracted from cells by using TRIzol reagent (Invitrogen). For the synthesis of the first strand of cDNA, 1 g of total RNA was reversetranscribed in 20 l of reaction solution using PrimeScript TM RT reagent kit (TaKaRa). The cDNA samples were then amplified by PCR using ExTaq DNA polymerase (TaKaRa) or by qRT-PCR assay performed with the MxPro-Mx3005P real time PCR system using SYBR Premix Ex Taq TM according to the manufacturer's instructions. All primers and PCR conditions used were shown in Table 1 .
Tube Formation Assays-Matrigel was thawed at 4°C, and each well of prechilled 24-well plates was coated with 200 l of Matrigel and incubated at 37°C for 45 min. Human dermal microvascular endothelial cells (5 ϫ 10 4 ) were added in 500 l of culture medium. After 4 -6 h of incubation at 37°C and 5% CO 2 , endothelial cell tubular structure formation was quantified by calculating the tube length of high power fields (200ϫ) with an Olympus inverted microscope.
Spheroid-based Angiogenesis Assay-HMEC-1 cells were seeded in nonadherent round-bottom 96-well plates (Corning Glass) after being suspended in culture medium containing 0.2% (w/v) carboxymethylcellulose (Sigma). In these conditions, all the suspended cells grow to form a single spheroid per well of defined cell number (800 cells/spheroid). Spheroids were generated for 24 h before being embedded into collagen gels. The spheroid-containing gel was rapidly transferred into 24-well plates and incubated at 37°C for 30 min to polymerize. Then 200 l of culture medium was added on top of the gel. After 24 h, in vitro angiogenesis was evaluated by measuring the cumulative length of the sprouts that had grown out of each spheroid using digital imaging software (Image-Pro Plus 6.0), with nine spheroids analyzed per experimental group.
Live Cell Imaging-For live migration assay, HMEC-1 cells (1 ϫ 10 4 ) were seeded on 3.5-cm gelatin-coated dishes and incubated for 16 h. Cell medium was then changed to a serumfree medium, and cells were incubated for an additional 8 h. For HMEC-1 migration kinetics, time-lapse images were taken every 10 min. After 10 h, the images were analyzed in sequence using Image-Pro Plus (version 6.0.0.260) software. The migration tracks of each cell in each group were plotted after normalizing the start point to x ϭ 0 and y ϭ 0. The coordinates of each cell from the photo sequences were determined by the "track objects" tool of Image-Pro Plus.
Chromatin Immunoprecipitation Assay-ChIP was performed as described (33) . Briefly, HMEC-1 cells growing in 10-cm dishes were treated with formaldehyde, and the DNAprotein complex was extracted. Chromatin was incubated with or without antibody (anti-STAT5 antibody or anti-GATA2 antibody), respectively, for immunoprecipitation. After revers-ing the protein/DNA cross-links, DNA was recovered and amplified by specific primers ( Table 2 ). The PCR products were resolved on a 2.0% agarose gel for photographing, and the sequences were confirmed by sequencing.
Luciferase Assay-The reagent and lysis buffer were obtained from Promega Corp. The human VEGFR2 promoter sequence was amplified and cloned into pGL3-enhancer plasmid with following primers. The primers for wild type STAT5 consensus containing construct (WT-Luc) were 5Ј-gggtctagaGCCTC-CAGCTTTGTTCTTTT-3Ј (forward) and 5Ј-cccggatccATTC-AATACCATCCCCATCA-3Ј (reverse). PCR products were digested with XbaI and BamHI restriction enzymes followed by ligation into the modified minCMV promoter containing the luciferase vector. The site-directed mutagenesis PCR primers used for mutant STAT5 consensus containing the construct were as follows: mutant-VEGFR2-Luc (Mut-Luc), 5Ј-TTAAA-GTAGTTTTTTCCAACCCTGTCAAGAAAGTCATTGG-3Ј (forward), and 5Ј-CAAGCTACCAATGACTTTCTTGACAG-GGTTGGAAAAAACTAC-3Ј (reverse);
Electrophoretic Mobility Shift Assay-The TNT quick-coupled transcription/translation system was used for in vitro synthesis of STAT5 protein according to the instructions. Human VEGFR2 promoter-derived STAT5-binding site oligonucleotides were synthesized and 5Ј-end-labeled using T4 polynucleotide kinase and [␥-32 P]ATP. EMSAs were performed following standard protocol, and protein DNA complexes were visualized by autoradiography. 
Data Analysis-Data are expressed as means Ϯ S.E. The means of two groups were compared using Student's t test (unpaired, two-tailed), with p Ͻ 0.05 considered to be statistically significant. Unless indicated in the figure legends, all the experiments were performed at least three times with similar results.
RESULTS

Gpr126 Is Highly Enriched in Endothelial Cells and Induced by Pro-angiogenic Factors in HMEC-1 Cells-Embryoid body
(EB) formation and subsequent differentiation of embryonic stem cells (ESCs) supply an efficient in vitro system to study developmental events and related molecular mechanisms, such as the process of angiogenesis (34 -36) . Using an established EB model of mouse ES cell differentiation (37), we isolated Flk1/ Vegfr2-positive cells at day 4 of EB formation, and we then screened for the expression of about 100 orphan GPCRs during ESC differentiation. We identified Gpr126 mRNA expression as being highly enriched in Flk1-positive cells at day 4 of EB formation (Fig. 1A ). Furthermore, mRNA expression of Gpr126 was increased from the beginning of differentiation and peaked at day 4, similar to the expression profile of Vegfr2 (Fig. 1B) . Other endothelial markers, including CD31 and Tie2, were also robustly induced, although Oct4 and Nanog, the markers of pluripotent ESCs, were rapidly down-regulated during differentiation (data not shown). These results suggested that Gpr126 is highly expressed in the early endothelial cell lineage during ESC differentiation.
Considering the increased expression of GPR126 in human umbilical vein endothelial cells when challenged by LPS and thrombin (29) , we speculated whether other factors could also stimulate GPR126 expression. The protein level of GPR126 was induced by VEGF, fibroblast growth factor-2 (FGF-2), and insulin-like growth factor 1 (IGF-1) but faintly by nerve growth factor (NGF) in human microvascular endothelial cells (HMEC-1) (Fig. 1C ). Moreover, GPR126 was also induced by VEGF in a time-dependent manner in HMEC-1 cells (Fig. 1D ). To further identify the expression of Gpr126 in tissues, immunohistochemical staining using a validated commercial antibody against Gpr126 was employed. Gpr126-positive cells were specifically detected in the endothelial cells of vessels of the embryonic limb bud, lung, heart, and kidney, and the distribution correlated with that of the endothelial cell marker CD31 (Fig. 1E) .
Knockdown of GPR126 Impairs Endothelial Sprout Formation-The distinct expression pattern of GPR126 in the endothelium of tissues implies its roles in endothelial cell biology, such as cell sprouting, migration, proliferation, and tube formation. The initial step of angiogenesis is the sprouting of tip cells from existing vessels. To examine the roles of GPR126 in angiogenesis, we used lentivirus-mediated RNA interference (RNAi) to generate GPR126-deficient HMEC-1 cells by targeting two independent sequences of GPR126 mRNA ( Fig. 2A) . Then the cells were subjected to a three-dimensional spheroidal assay to mimic the sprouting step in vitro. Knockdown of GPR126 significantly impaired the outgrowth of capillary-like structures and attenuated the sprout number ( Fig. 2B ) and length (Fig.  2C) , implicating that endogenous GPR126 is an important regulator of endothelial sprout formation during angiogenesis.
GPR126 Controls the Angiogenic Activity of Endothelial Cells-To elucidate the endothelial cell behavior controlled by GPR126, we further investigated the features of GPR126-deficient endothelial cells. First, we tested the role of GPR126 in endothelial cell proliferation by counting the number of cells and BrdU incorporation assays (Fig. 2, D and E) . In addition, knockdown of GPR126 resulted in G 1 /S phase cell cycle arrest (Fig. 2F) . These data suggest that GPR126 is actively involved in endothelial cell proliferation. Next, we evaluated the migration properties of endothelial cells with down-regulation of GPR126. Considering the role of GPR126 in cell proliferation, we pretreated the cells with mitomycin C to inhibit cell proliferation before wound healing and Boyden chamber cell migration assays. The number of migrated cells in GPR126-deficient cells decreased significantly compared with the control cells in both wound-healing migration assay (Fig. 2, G and H) and Boyden chamber cell migration assay (data not shown). Time-lapse fluorescence confocal microscopy analysis was also adopted to evaluate the real time effect of GPR126 knockdown on endothelial cell migration. Twelve cells of each group were monitored for a consecutive 10 h (Fig. 2I) . The accumulated migration length of the cells of the GPR126 knockdown group was significantly less than that of the control group (Fig. 2J) . Tube formation is an important parameter of endothelial cell function in angiogenesis. Knockdown of GPR126 inhibited the tube formation of endothelial cells with a decreased number of intercellular contacts and overall complexity of the network (Fig.  2K) . The accumulated length of tubes was significantly less than that of the control (Fig. 2L ). Taken together, these results demonstrated that GPR126 is a critical regulator that modulates angiogenic behavior of endothelial cells in vitro.
Inhibition of GPR126 Expression Impairs Physiological and Pathological Angiogenesis-To further confirm the physiological roles of Gpr126 in animal models, Matrigel mixed with VEGF, heparin, and shRNA lentivirus targeting mouse Gpr126 mRNA or control shRNA lentivirus was injected subcutaneously into the C57BL/6 strain mice following the well established protocols (30) . The RNA interference efficiency was determined using NIH3T3 cells (Fig. 3A) . In Matrigel plug assay, the color of the plugs containing lentiviral shRNA against Gpr126 was lighter than those plugs containing control lentivirus ( Fig. 3B ), suggesting that fewer red blood cells entered the plugs containing lentiviral shRNA against Gpr126. Through immunohistochemistry using anti-CD31 antibody, it is clearly shown that fewer blood vessels formed in mGpr126 shRNA virus-infected plugs (Fig. 3, B and C) . The RNA interference efficiency of lentiviral shRNA against Gpr126 was determined by quantitative PCR assays using RNA extracted from Matrigel plugs treated with the indicated lentivirus ( Fig. 3D) .
To test the angiogenic role of Gpr126 in pathological conditions, we took advantage of an oxygen-induced retinopathy mouse model that mimics ischemia-induced angiogenesis (31) . As shown in Fig. 3E , the red fluorescence indicates the infection efficiency, and the green fluorescence indicates the blood vessel visualized by FITC-dextran. As expected, wild type retinas displayed few vessels in the central area (avascular area) accompanied by an overgrowth of perfused vessels in the periphery (Fig.  3E) . In contrast, fewer neovascular complexes and smaller central avascular areas could be found in mGpr126-shRNA infected retinas (Fig. 3, E and F) . The decreased susceptibility of retinas infected with lentiviral mGpr126-shRNA to oxygen-induced retinopathy suggests that Gpr126 regulates retinal angiogenesis in pathological conditions. Taken together, these findings suggest Gpr126 as a critical modulator that conveys an angiogenic signal to the formation and growth of the new vessels.
Silencing of Gpr126 Causes Angiogenesis Deficiency during Embryogenesis-Zebrafish is an excellent model organism to study blood vessel development due to its unique advantages, such as optical clarity and well established endothelium-specific reporter transgenic lines. The expression of Gpr126 in the endothelial cells of zebrafish was confirmed in Flk1-positive cells that were sorted from Tg(flk1:EGFP) zebrafish embryos by RT-PCR (Fig. 4A ). The expression of Gpr126 was reduced in zebrafish embryos with morpholinos (MOs), the sequences of which were reported by Monk et al. (26) . Control MOs or Gpr126-MOs were injected into one-or two-cell stage embryos of Tg(fli1:EGFP) y1 zebrafish, respectively. The knockdown efficiency was confirmed by Western blotting (Fig. 4B) . None of the injected MOs induced any gross morphological defects as examined under bright field microscopy ( Fig. 4C, left panel) .
During zebrafish blood vessel development, intersomitic vessels (ISVs) were grown from the dorsal aorta through angiogenesis. Compared with zebrafish treated with control MOs, the ISVs were severely impaired in Gpr126 morphants at 30 hpf (Fig. 4, C and D) and 36 hpf (Fig. 4D) . The angiogenic defects caused by Gpr126 MO were significantly alleviated when human GPR126 mRNA was co-injected ( Fig. 4C , Dashed lines indicate the edge of the "wound" right after scratch (G). Relative cell numbers migrated to the "wound" were presented (H). I and J, GPR126 regulates the migration of endothelial cells. The migration tracks of 12 empty vector-infected (NC) or 12 GPR126 knockdown (Sh2) HMEC-1 cells were plotted after normalizing the start point to x ϭ 0 and y ϭ 0 (I). The coordinate of each cell from the photo sequences were determined by Image-Pro Plus (version 6.0.0.260). The column diagram showed a cumulative path length of 12 control and 12 GPR126-knockdown cells (J). K and L, capillary tube formation of endothelial cells infected with vector control (NC) or GPR126 shRNAs (Sh1 and Sh2) were seeded onto Matrigel. After 4 -6 h, cells were fixed, and tubular structure was quantified by calculating the tube length of high power fields (ϫ200). All error bars represent S.E. *, p Ͻ 0.05; **, p Ͻ 0.01 compared with control. DECEMBER 12, 2014 • VOLUME 289 • NUMBER 50
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bottom panel). These data suggest that GPR126 is evolutionarily conserved and required for proper vascular growth and development.
To investigate the cell proliferation process in detail, the endothelial cell numbers in segmental arteries were observed by a high resolution two-photon imaging microscope and quantified. In control Tg(fli1:nEGFP) y7 embryos at 36 hpf, most segmental arteries contained three to five cells, whereas Gpr126 morphants displayed dramatically reduced cell numbers (Fig. 4,  E and F) . Similar results were obtained at 48 hpf (Fig. 4F) . Furthermore, knockdown of Gpr126 in zebrafish arrested the sprouting tip cells to spread horizontally along the myoseptum (Fig. 4G) . The phenotypes of Gpr126 deficiency in zebrafish showed that the ECs sprouting from the dorsal aorta to the horizontal myoseptum were obviously affected, and the subse-quent endothelial tip cell migration and proliferation were severely inhibited.
GPR126 Regulates VEGFR2 Expression in Vitro and in Vivo-Because the VEGF pathway is the pivotal signal for modulation of angiogenesis, we tested whether GPR126 participated in the regulation of the VEGF signaling pathway. As shown in Fig. 5A , VEGF-induced ERK and FAK activities measured at the phosphorylation level were distinctly down-regulated in GPR126deficient HMEC-1 cells. Furthermore, when the expression of GPR126 was reduced, the protein level of VEGFR2 was severely down-regulated, although the expression of TIE2 did not change (Fig. 5B) . To test whether GPR126 specifically regulates VEGFR2 transcription, semi-quantitative RT-PCR assays were performed. VEGFR2 mRNA was dramatically decreased in the GPR126 knockdown HMEC-1 cells, although the mRNA levels of VEGFR1, VEGFR3, EGF receptors, and FGF receptors did not exhibit notable changes (data not shown). Meanwhile, forced expression of GPR126 in HMEC-1 cells increased the VEGFR2 protein level (Fig. 5C ). In Gpr126-deficient zebrafish embryos, the mRNA level of Flk1 (VEGFR2) was significantly down-regulated (Fig. 5D ). These results indicated that GPR126 regulates the angiogenic process by regulating the expression of VEGFR2.
GPR126 Stimulates VEGFR2 Transcription via STAT5 and GATA2-To further assess the mechanism whereby GPR126 participates in transcriptional regulation of VEGFR2, we investigated the expression levels of numerous transcription factors that were either reported to regulate VEGFR2 expression or involved in angiogenesis. As shown in Fig. 6A , the expression levels of STAT5 and GATA2 were strikingly decreased in GPR126-deficient HMEC-1 cells, although no notable change has been observed for the expression of STAT3 and STAT6. The changes were confirmed by qRT-PCR assays at the mRNA levels (data not shown). To confirm the key role of GATA2 in mediating VEGFR2 expression, we examined VEGFR2 expression in cells transfected with GATA2 siRNAs. As shown in Fig.  6B , knockdown of GATA2 suppressed VEGFR2 expression in HMEC-1 cells. Meanwhile, ChIP assays showed that GATA2 bound directly to the promoter of VEGFR2 (Fig. 6C) as reported previously (7) .
Although it was not reported that STAT5 directly regulated VEGFR2 expression, activation of STAT5 in ES cells facilitated the generation of Flk1-positive cells within 5 days of coculture on OP9 (38) , and STAT5 also mediated FGF-induced angiogenesis (39) . To test whether STAT5 is a novel factor that binds to the VEGFR2 promoter and regulates its expression, we examined the relationship between STAT5 and VEGFR2 expression in endothelial cells. Knockdown of STAT5 by siRNA or shRNA down-regulated VEGFR2 protein levels (Fig. 6, D and E) , although overexpression of STAT5 significantly increased VEGFR2 expression in HMEC-1 cells (Fig. 6F) . We further analyzed the STAT5-binding sites in the VEGFR2 promoter region and confirmed that there was a binding site of STAT5 in the promoter of VEGFR2 using ChIP assays (Fig. 6G ), luciferase assay (Fig. 6H ), and EMSA (Fig. 6I) .
Because cAMP was proposed to be the second messenger mediated by GPR126 in vivo and forskolin, which raises cAMP levels, restored the phenotype in GPR126-deficient zebrafish embryos (26) , we assumed that GPR126 could regulate STAT5 and GATA2 expression through the cAMP-activated PKA-CREB pathway. Our data indicate that forskolin increased CREB activity and induced the expression of STAT5 and GATA2 in a dose-dependent manner in HMEC-1 cells (Fig. 6, J  and K) . Furthermore, to examine whether GPR126 regulates STAT5 and GATA2 expression through the cAMP-PKA-CREB signaling pathway, we predicated multiple conserved cis-elements for CREB binding in the proximal promoter regions of STAT5 and GATA2 by aligning the genomic sequences from rats, mice, and humans. We demonstrated strong binding of CREB in the promoters of the two transcription factors using ChIP assays (Fig. 6L ).
STAT5 and GATA2 Restored the Angiogenic Activity of ECs Attenuated by Silencing of GPR126 in Vivo and in Vitro-To further verify that STAT5 and GATA2 are functional downstream targets of GPR126-regulated angiogenesis, we evaluated the effects of STAT5 and GATA2 in vitro using tube formation assays. Strikingly, overexpression of STAT5 and/or GATA2 in GPR126 knockdown HMEC-1 cells restored the number of cell-cell contacts and the overall complexity of the tubular network (Fig. 7, A and B) . Furthermore, we performed rescue experiments in zebrafish. Co-injection of STAT5 mRNA or GATA2 mRNA with Gpr126 MO partially restored the growth of ISVs which were disrupted by Gpr126 MO alone (Fig. 7, C  and D) . When STAT5 and GATA2 mRNAs were introduced with Gpr126 MO at the same time, the impaired ISV morphology was more greatly rescued than individual injection of STAT5 mRNA or GATA2 mRNA, indicating that these two genes have synergistic effects during angiogenesis. This finding indicates that GPR126 modulates angiogenesis in zebrafish through the activation of the STAT5 and GATA2 axis. Taken together, our data indicate that GPR126 regulates angiogenesis by targeting VEGFR2 expression through the PKA-CREB-GATA2/STAT5 signaling pathway.
DISCUSSION
In this study, we have shown that GPR126 is an endothelial specific transmembrane receptor that modulates many aspects of endothelial cell biology, including cell proliferation, sprouting, migration, and tube formation in vitro. We further demonstrated that GPR126 is required for the outgrowth of ISVs in zebrafish embryos, the hypoxia-induced neovascularization of mouse retinal angiogenesis, and the formation of capillary-like structures from endogenous endothelial cells in Matrigel plugs. Furthermore, GPR126 modulates the expression of VEGFR2 and its downstream signaling by targeting GATA2 and STAT5 through the cAMP-PKA-CREB signaling pathway (Fig. 8) . The identification of an endothelium-specific adhesion GPCR that positively modulates angiogenesis suggests an advance that has implications for many aspects of biology, including development, tissue injury response, and tumor progression. . GPR126 stimulates VEGFR2 transcription via STAT5 and GATA2. A, effects of GPR126 on the expression of transcription factors involved in angiogenesis. Protein levels were analyzed by immunoblot using specific antibodies in HMEC-1 cells (Con) and in cells infected with vector control (NC) or GPR126 shRNA (Sh1 and Sh2). B and C, regulation of VEGFR2 expression by GATA2. VEGFR2 protein level was analyzed by immunoblot in HMEC-1 cells (Con), cells transfected with control siRNA (Scramble), or GATA2 siRNA (GATA2 si1 and GATA2 si2) (B). Chromatin of HMEC-1 cells was immunoprecipitated with anti-GATA2 antibody or IgG control. The extracted DNA was used for PCR amplifications with VEGFR2 promoter-specific primers (C). D-F, regulation of VEGFR2 expression by STAT5. VEGFR2 protein level was analyzed by immunoblot in HMEC-1 cells (Con), cells transfected with control shRNA (NC), or STAT5 shRNA vector (STAT5Sh) (D), or control siRNA (Scramble), and STAT5 siRNA (ST5 si1 and ST5 si2) (E), respectively. F, forced expression of STAT5 increased VEGFR2 expression in HMEC-1 cells. Zs, control vector; ZsSTAT5, STAT5 overexpression vector. G, chromatin of HMEC-1 cells was immunoprecipitated with anti-STAT5 antibody or IgG control. The extracted DNA was used for PCR amplifications with VEGFR2 promoter-specific primers. STAT5 strongly bound to the predicted site (Ϫ3285 to Ϫ3277, TTCTGTGAA) in the VEGFR2 promoter. The assays were conducted at least three times. H, wild type (WT-Luc) or STAT5-binding site mutant (Mut-Luc) VEGFR2 promoter luciferase reporter was transfected with increasing doses of STAT5 expression plasmid, and the luciferase activity was determined. I, in vitro translated STAT5 protein was incubated with hot STAT5-binding element derived from VEGFR2 for EMSAs. Cold WT (Cold) or mutant STAT5-binding site (M-probe) probes were subjected for competition. J-L, GPR126 regulated STAT5 and GATA2 expression through cAMP-activated PKA-CREB pathway. Phospho-CREB (Ser-133) was activated in HMEC-1 cell with forskolin (20 M) stimulation and inhibited with H-89 (10 M) treatment (J). K, forskolin increased the STAT5 and GATA2 protein levels in a dose-dependent manner in HMEC-1 cells. L, ChIP assays of the CRE site in the STAT5 and GATA2 promoter. Top panel showed the predicted conserved CRE site or half-CRE site in the STAT5 promoter. Middle panel showed that of the GATA2 promoter. After immunoprecipitation of the cross-linked complexes, DNA was recovered by phenol/chloroform extraction. Then the DNA were amplified by PCR using indicated primers. The PCR bands in bottom panel showed the DNA fragment precipitated by anti-CREB antibody in the promoter region of STAT5 (bottom left) and GATA2 (bottom right), respectively. DECEMBER 12, 2014 • VOLUME 289 • NUMBER 50
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ES cells are totipotent cells that are capable of differentiating into a variety of cell types, and ES cell-derived Flk1-positive cells were demonstrated to serve as vascular progenitors (40) .
Using an established EB model of mouse ES cells, we found that the expression of Gpr126 was dramatically elevated in Flk1positive cells (Fig. 1A) . We further demonstrated that Gpr126 is specifically expressed in endothelial cells from multiple tissues. This work shows for the first time the expression of Gpr126 in mammalian tissues through an immunohistochemical method. Furthermore, we also found that VEGF and other factors could induce the expression of Grp126 in HMEC-1 cells. These results are concordant with a report that demonstrated that Gpr126 is expressed in endothelial cells, and the expression could be induced by angiogenic factors (29) . Severe cardiovascular defects that result in embryonic lethality were observed in the Gpr126 knock-out mouse (28) . Waller-Evans et al. (28) did find internal hemorrhaging in mutant embryos, although no obvious vasculogenesis defect was identified. These findings suggest that Gpr126 could play a key role in another process during vessel development, angiogenesis.
The zebrafish embryo is an excellent model for investigating vascular development (41) . In zebrafish, the dorsal aorta originates from angioblasts that migrate out from the lateral plate mesoderm and fuse to form blood vessels through vasculogenesis. The subsequent sprouting and extension of endothelial cells to form ISVs from the dorsal aorta is considered as angiogenesis (42) . In Gpr126 knockdown zebrafish, no obvious defect was observed in the formation of the dorsal aorta, but the extension of ISVs was dramatically hindered, suggesting that Gpr126 plays a key role in the proliferation and migration of ECs during sprouting angiogenesis. To address the pathological roles of Gpr126 in angiogenesis, we employed a mouse FIGURE 7 . STAT5 and GATA2 restored the angiogenic activity of ECs attenuated by GPR126 knockdown. A, forced expression of STAT5 and/or GATA2 in GPR126 knockdown HMEC-1 cells restored two-dimensional tube formation on Matrigels. pll3.7, control vector of shRNA; Zs, control vector for overexpression; GPR126-Sh, GPR126 shRNA; ST5, STAT5 overexpression; GA2, GATA2 overexpression. B, statistical summary of relative tube length of each group in A. C, restoration of angiogenic activity of endothelial cells in zebrafish embryos. Bright field images showed the morphology of 30 hpf Tg(fli1:EGFP) y1 zebrafish embryos in each injection treatment. Confocal fluorescence images showed ISVs sprouting of Tg(fli1:EGFP) y1 embryos of each treatment. D, statistical summary of percentage of embryos with ISV defect in each group in C. The numbers above the column represent the number of embryos with ISV defect/the number of embryos analyzed totally.
oxygen-induced retinopathy model and Matrigel plug assays. Our data from these pathological models suggest that Gpr126 functions not only in vessel development but also in pathological angiogenesis such as retinopathy and tumor angiogenesis, implying its potential implications in pro-or anti-angiogenic therapies.
Increasing evidence has shown that GPCR signaling can cross-talk with VEGF pathways (18, 19, 43) . GPR126 activates the cAMP-PKA signaling pathway, and PKA regulates the differentiation potential of vascular progenitors to be endothelially competent via induction of VEGFR2, suggesting that GPR126 might regulate angiogenesis through the VEGF pathway (26, 44) . Our results demonstrated that GPR126 modulates VEGFR2 transcription through GATA2 and STAT5. Both STAT5 and GATA2 were involved in modulating the behavior of hematopoietic and angiogenic cells (7, 45, 46) . GATA2 directly binds to the VEGFR2 promoter and regulates its transcription, and the regulation is sensitive to extracellular matrix elasticity as well as soluble VEGF (7, 12) . STAT5 has been shown to modulate the endothelial cell and smooth muscle cell migration and proliferation, mediating FGF-induced angiogenesis (15, 39, 47, 48) . VEGF activates STAT5 through JAK2 phosphorylation, but how STAT5 regulates VEGFR2 is not determined (49, 50) . To our knowledge, the identification of a functional binding site of STAT5 in the VEGFR2 promoter and the direct regulation of VEGFR2 by STAT5 in this study are the first to demonstrate the direct relationship between STAT5 and VEGFR2.
GPR126 is a seven-transmembrane receptor that is evolutionarily conserved not only in the protein sequence but also in synteny of the surrounding genomic region in vertebrates (28) . Besides the conserved protein sequences, recent studies have reported that GPR126 has conserved physiological functions during peripheral nerve development in fish and mammals (26, 27) . In both Gpr126 mutant zebrafish and mice, peripheral myelination was dramatically affected due to Schwann cell differentiation arrest at the promyelinating stage through downregulation of cAMP production and the expression of Pou3f1, Desert hedgehog, and Egr2 (26, 27) . Another independent group reported mid-gestation lethality of Gpr126 mutant embryos, and the authors observed intraembryonic hemorrhage in about 50% of Gpr126-depleted embryos (28) . It suggests that vascular malfunction could occur with Gpr126 depletion. In this study, we demonstrated that the physiological function of Gpr126 is conserved during angiogenesis in different species. As shown in Fig. 4C , the ISV defect in Gpr126 morphants in zebrafish could be rescued by human GPR126 mRNA. The phenotypes of Gpr126 deficiency can be rescued by forced expression of GATA2 and STAT5 in both fish and mammalian cells, further suggesting the conserved signaling pathways downstream of GPR126.
In summary, we have demonstrated that GPR126 plays a key role in angiogenesis by regulating the expression and activity of VEGFR2 through the PKA-CREB-GATA2/STAT5 signaling pathway. Our findings have important implications not only for vascular development but also for tumor biology. Because Gpr126 is an orphan G protein-coupled receptor, the elucidation of its endogenous ligands and antagonists will be a challenge in our future research.
